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achieving printing and post-printing shape stabilities for the efficient fabrication and application of rapid
hardening protocol are still challenging. In this work, the coaxial printing of a self-setting CaP cement
with water and ethanol mixtures aiming to increase the ink yield stress upon extrusion and the stability

Keywords: of fabricated structures was explored. Printing height of overhang structure was doubled when aqueous
3D Printing solvents were used and a 2 log increase of the stiffness was achieved post-printing. A standard and fast
Calcium phosphate steam sterilization protocol applied as hardening step on the coaxial printed CaP cement (CPC) ink re-
Printability sulted in constructs with 4 to 5 times higher compressive moduli in comparison to extrusion process in

Bone substitute the absence of solvent. This improved mechanical performance is likely due to rapid CPC setting, pre-

venting cracks formation during hardening process. Thus, coaxial micro-extrusion-based 3D printing of a
CPC ink with aqueous solvent enhances printability and allows the use of the widespread steam steriliza-
tion cycle as a standalone post-processing technique for production of 3D printed personalized CaP bone
substitutes.

Statement of significance

Coaxial micro-extrusion-based 3D printing of a self-setting CaP cement with water:ethanol mixtures in-
creased the ink yield stress upon extrusion and the stability of fabricated structures. Printing height of
overhang structure was doubled when aqueous solvents were used, and a 2 orders of magnitude log in-
crease of the stiffness was achieved post-printing. A fast hardening step consisting of a standard steam
sterilization was applied. Four to 5 times higher compressive moduli was obtained for hardened coaxially
printed constructs.

This improved mechanical performance is likely due to rapid CPC setting in the coaxial printing, prevent-
ing cracks formation during hardening process.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Bone defects caused by trauma or diseases are still a leading

cause of patient functionality impairment, whether or not the de-
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Phosphate (CaP), either as sintered blocks, granules or cements, are
the most commonly implanted synthetic bone substitutes [2]. Their
similarity to the bone inorganic phase and their osteoconductive
nature [3], make them suitable alternative to bone autograft espe-
cially in large defects with complex shape. Injectable self-setting
Calcium Phosphate Cements (CPCs) are prepared by mixing a re-
active CaP powder with a liquid carrier such as water or an or-
ganic phase. Setting and hardening occur in contact with an aque-
ous media upon mixing or diffusion of water in situ [4]|. CPCs are
very effective in filling complex bone defects compared to gran-
ules, but gradients in the CaP setting can occur due to the lim-
ited accessibility of the water in the bulk of the cement, leading to
heterogeneous structural and mechanical properties [5]. Moreover,
there is limited control over the shape and internal architecture of
the implanted material. The latter is a critical parameter for vascu-
larization and bone ingrowth and ensued bone defect healing [6].

Extrusion-based printing of a self-setting cement has the po-
tential to allow rapid production of CaP implants with controlled
internal macrostructure, but also personalization of synthetic bone
grafts fitting patient bone defects, as already demonstrated in sev-
eral preclinical studies [7-9]. CPCs inks used in micro-extrusion-
based 3D printing are mainly formulated on a reactive calcium
phosphate (e.g. «-TCP) phase combined or not with others inor-
ganic calcium phosphate particles. A carrier liquid is used to mod-
ulate the injectability and the setting time, and is either made of
an aqueous medium containing polymers such as alginate, or a
non-aqueous organic phase [10-13]. However, there are still chal-
lenges related to the efficient production of personalized implants
and the development of a fast process, especially required for po-
tential in-hospital manufacturing [14]. A first challenge is to main-
tain the injectability of the self-setting CaP ink through the car-
tridge and printing head during the whole printing time. For this
purpose, the rheological behavior and setting kinetics of the ce-
ment are of paramount importance [15]. This has notably been
addressed by using an inorganic liquid as CaP carrier [16,17]. For
example, Heinemann et al. reported a CPC with a predominantly
a-tricalcium phosphate («-TCP) crystalline phase with lower
amount of hydroxyapatite, monetite, calcite and B-TCP dispersed
in an organic phase of surfactants and triglycerides insoluble in
water [5,18]. The organic phase allows for long-term storage and
higher reaction homogeneity. The cement setting is triggered by
the exposure to water, dissolution of the «-TCP particles by hydrol-
ysis and reprecipitation as calcium deficient hydroxyapatite (CDHA)
[19]. Therefore, water needs to reach and react with the «-TCP for
complete setting and hardening.

The second challenge is the shape stability of the printed struc-
ture until complete cement setting has occurred. For soft poly-
meric materials with a viscoelastic behavior such as poloxamer gel,
hyaluronan methacryloyl or alginate solutions, collapse and sag-
ging of hanging filaments is often reported [20-23]. Low viscos-
ity hydrocolloids of biopolymer regularly face this problem before
a crosslinking step for shape preservation [24]. Pore closure due
to adjacent filaments fusion can occur, causing the loss of the im-
plant’s internal structure [25,26]. The main forces responsible for
these effects are the surface tension which leads filaments to min-
imize their surface area and the gravity leading to a general loss
of structure due to sagging or compression [27]. Minimizing shape
deformation can be done by adjusting the viscoelastic properties
of the ink and its yield stress. However, this is only possible up
to a certain point when using a non-crosslinked viscous phase as
extrudability tend to be severely reduced by an increased viscos-
ity. More commonly, support structures are used to stabilize the
object during its printing [28]. However, this technique leads to
more processing steps, significantly higher printing time, material
consumption and economical cost, and it cannot accommodate all
shape deformations.
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Finally, a 3D printing process that is compatible with hard-
ening protocols as well as sterilization processes is required to
open new outlooks for the use of an off-the-shelf CPC ink for
rapid production of personalized macro-structured bone substi-
tutes [16]. Indeed, lengthy high-temperature processes are com-
monly used for sintering CaP ceramics, while CPCs are often hard-
ened by mixing an initial powder with an aqueous solution or by
exposing a ready to use cement to an aqueous or humid environ-
ment at low temperature. As an example, Raymond et al. used an
o-TCP/Pluronic F127 ink and exposed the printed scaffolds to a
37°C water biomimetic treatment, a water-immersed 121°C auto-
clave treatment and a vapor 121°C autoclave treatment [16]. They
found that the autoclave treatments significantly decreased the
setting times of the scaffolds, but also that the vapor treatment
resulted in a different final crystalline phase than the two other
treatments, with higher unreacted «-TCP and formed S-TCP pro-
portions, and a lower CDHA proportions. Others have printed suc-
cessfully scaffolds from «-TCP with polyvinyl alcohol as a sacrifi-
cial material or a-TCP/hydroxyl propyl methyl cellulose pastes and
used immersion in water at room temperature or 37°C as a hard-
ening process [29,30]. Akkineni et al. used an ink with 60 w:w %
o-TCP to print and harden scaffolds in a 37°C humidity saturated
atmosphere for 3 days [31]. Steam sterilization protocol has already
been used for CaP bone substitutes sterilization but is poorly ex-
plored as a stand-alone post-processing hardening of 3D-printed
CaP ink made of a CPC with an organic carrier liquid.

Therefore, we hypothesized that wetting a self-setting CPC ink
with aqueous solvents upon its extrusion from a printing head
would trigger rapid setting through hydrolysis, increase the yield
stress, and change the filament’s surface tension, thus improv-
ing shape stability and fidelity, which consequently would im-
prove final structural and mechanical properties of the hardened
3D-printed CaP scaffolds. Contact angle measurements suggested
a higher miscibility of water:ethanol mixtures in the CPC ink
compared to pure water. Considering the hydrophobic nature of
the CPC carrier liquid, we hypothesized that the increased co-
solubilization of water:ethanol mixture would increase the water
penetration inside the filaments and lead to a faster and more ho-
mogeneous setting. While coaxial printing has been used to pro-
duce hollow or core-shell ceramic struts to promote scaffold vas-
cularization [32,33] and improve mechanics and osteogenesis [34],
to our knowledge it has never been conducted to enhance CPC ink
printability and scaffolds post-printing stability.

In this study, a coaxial printing head allowing for pressure
driven micro-extrusion of a self-setting CPC ink at the core, and
controlled flow of aqueous solvent at the periphery of the ex-
truded central filament is developed. A well-reported and char-
acterized CPC ink is selected to validate the coaxial printing and
post-processing with clinically relevant ink [29,31,35-38]. Print-
ability and shape fidelity are assessed by printing an helicoidal
structure and measuring the number of printed layers when struc-
ture collapse occurs. Mechanical compression tests are performed
just after printing. Steam sterilized 3D-printed CaP samples pro-
duced using a coaxial printing head in the presence and absence of
solvents are characterized by mechanical compression tests, com-
puted tomography, nitrogen sorption, X-ray diffraction and thermo-
gravimetric analyses.

2. Materials and methods
2.1. Self-setting calcium phosphate cement

The calcium phosphate cement ink was provided by RegenHU
Ltd (Osteoink™, Villaz-St-Pierre, Switzerland). The CPC ink is

similar to the CE-marked ready-to-use CPC developed by In-
notere GmbH (Germany), and is mainly composed of «-tricalcium
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phosphate («-TCP) with smaller amounts of hydroxyapatite, mon-
etite, calcite and B-TCP, and a carrier liquid composed of triglyc-
erides and surfactants as previously described [5]. Thermogravi-
metric analysis of the ink indicated a powder to carrier liquid
weight ratio of 4.65 matching closely values reported in literature
[5]. Setting of the cement occurs via the hydrolysis of the «-TCP
and is controlled by the presence and substitution of the water im-
miscible organic phase by water. Initial setting time was reported
to be of 2.5 min with final setting time of 16 min [5].

2.2. 3D printing

A 3D Discovery Evolution™ Bioprinter (regenHU, Villaz-St-
Pierre, Switzerland) was used for all experiments. A custom-made
coaxial extrusion head was designed and produced. It consisted of
the combination of an outer and inner part, with the inner ves-
sel of the extrusion head having an outlet diameter of 300 um for
the CPC (image of the extrusion head available in Supplementary
Figure 1). The outer part was fitted around to leave a ring-shaped
gap with an approximate width of 350 um for the flow of solvent
which was coming from a connected 3 mL syringe. The flows of
both parts were controlled by a pneumatic pressure system. All
samples were printed at room temperature and ambient humidity.
Samples were all printed in a row and then post-processed, with
post-processing (described below) performed between 6 and 24 h
after completing the printing.

A first CAD model used for 3D printing was a cylinder with 6
mm diameter, 3 mm height. The printing followed a 0°/90° layer
pattern, 0.858 mm spacing between filaments centers, 0.15 mm
between layers and a theoretical porosity of 39% when hypoth-
esizing printing 300 pm diameter filaments. The printing head
speed was 3 mm per second and the printing pressures were
in a range of 0.139-0.141 MPa for the Osteoink™ and 0.020-
0.022 MPa for the solvents. The samples were printed on stan-
dard histology glass slides without surface or topography treat-
ments, fixed to the printing platform, with ten samples per glass
slide (Gcode_Cylindrical_Model_x10.docx, in Supplementary Mate-
rial). This CAD design was used to ensure shape equivalence for all
groups, but present a suboptimal geometry for compression test, in
comparison to recommendation. Mechanical testing, pnCT observa-
tion and thermogravimetric analysis were performed. For the me-
chanical tests before steam sterilization, 5 samples per condition
were printed. For the mechanical tests after steam sterilization, 16
samples per condition were printed.

For SEM and XRD analyses, a sufficient quantity of material per
sample was required (> 500 mg). Therefore, a cuboid structure
with a 10 x 10 mm square base and 5 mm height was designed
with a 0°/90° layer pattern, a space of 0.667 mm between filament
centers and 0.244 mm between layers (Gcode_Square_Model.docx,
in Supplementary Material) and printed with identical conditions
as the other geometries.

Four different printing conditions were tested. The ink was ei-
ther printed without solvent (NS), with 50:50 water:ethanol: v:v %
(50W), with 75:25 water:ethanol: v:v % (75W) or with demineral-
ized water (100W).

2.3. Steam sterilization (post-processing)

Printed samples were stored at room temperature and ambi-
ent humidity for 6 to 24 h maximum before performing post-
processing. This latter was conducted in a standard sterilization
autoclave (Belimed Infection Control, Belimed Sauter AG, Sulgen,
Switzerland) and followed several steps. The glass slides (with the
printed samples on top) were first introduced inside a beaker lat-
erally disposed in the autoclave to limit the impact of rapid air and
steam movement on the scaffolds structure. Secondly, a 2:30 min
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vacuum pulse was applied, followed twice by alternating between
a 45 s steam pulse and a 2:30 min vacuum pulse. The temperature
and steam pressure were then increased to reach 134°C and 3000
mbar and kept at this level for 18 min. Then the steam was ex-
pulsed by vacuum and the temperature slowly increased from 65
to 100°C for 30 min while maintaining a vacuum state to dry the
samples. Finally, the air was progressively injected to return to the
room pressure.

2.4. Post-printing stability

The post-printing stability was tested by printing a heli-
coidal shape, previously created by the generation of a CAD file
(Gcode_Helicoidal_Model.docx, in Supplementary Material). The
helicoid was 10 mm diameter, with one filament printed per layer,
with an angle shift of 1.432° between each layer (or a lateral shift
of 0.125 mm at the extremities of the helicoid), and a vertical dis-
tance of 0.15 mm between each layer. The printing process was
video recorded until mechanical failure of the construct (e.g. crum-
bling of the helicoid) occurred; the starting time of the printing
and the time of structure failure were used to calculate the num-
ber of layers printed before structure failure. The number of sam-
ples per condition was 5.

2.5. Contact angle measurement

Flat surfaces were created by depositing and smearing the ink
on a glass slide with two glass spacers of 1 mm thickness on
the sides. Then, contact angle measurement was performed and
recorded using a Kriiss DSA10 contact angle instrument (Kriiss
GmbH, Hamburg, Germany) with 5 pL droplets of MilliQ water, 25
and 50% ethanol. The software Image] was used on the acquired
images to measure the angle formed by the intersection of the
liquid-solid interface of the droplets 10 seconds after their depo-
sition.

2.6. Printing of a human mandibular defect model

The printing of human mandibular defect model was chosen as
a proof of concept to evaluate the potential of extrusion coaxial-
printing to provide pieces with complex shapes and tailored poros-
ity. A 3D CAD model was extracted from a CT scan of a synthetic
bone model of human mandibula with a large defect. The print-
ing path was generated by BioCAM Software (RegenHU Ltd, Villaz-
St-Pierre, Switzerland) with a theoretical porosity of 60%. Scaffolds
with and without support structures (SS) were generated as con-
trols using a normal extrusion printing process without solvents.
The scaffolds printed with solvents were printed without support
structure. The printing conditions were optimized for each groups
for best shape fidelity. The shape fidelity of the scaffolds was as-
sessed by measuring the deviation of a large overhang (72°) com-
pared to the theoretical model (N>4 for all groups except SS with
N=1) and the internal porosity of the same internal region of the
scaffolds measured by pCT and compared to the theoretical poros-
ity (60%).

2.7. Mechanical tests

The mechanical testing protocol was based on previously re-
ported test with a similar ink [38]. To assess the influence of
the solvent used on the initial stability of the scaffolds, com-
pression tests before post-processing were performed on an In-
stron® 5866 machine (Instron, Norwood, USA), with a 100 N
load cell and a head speed of 0.2 mm/min until a total displace-
ment of 2 mm was reached. Scaffolds were printed one by one
(Gcode_Cylindrical_Model.docx, in Supplementary Material) and
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tests were always started 10 min after the end of the scaffold’s
printing to prevent variation in the cement setting time. Five sam-
ples were tested per condition.

To assess the influence of the solvent on the final mechanical
properties of the scaffolds, compression tests after post-processing
were done on the same testing machine, with a 1 kN load cell and
a head speed of 0.2 mm/min, until a total displacement of 2 mm
was reached. The maximal strength (represented with stress val-
ues) and the corresponding strain were measured. When no clear
maximum was visible but a clear decrease in slope was observed,
the slope transition point was chosen as maximum. As the sur-
faces of the scaffolds were not perfectly flat for every sample due
to manufacturing defects, the start of the measurement reported
corresponds to the sample positioning. To avoid errors in the maxi-
mal strength corresponding displacement and to start the mechan-
ical curves in the elastic domain of the samples, we corrected the
curves by setting the point of displacement O at the point where
each sample reached 8% of the mean maximum force of its re-
spective group. We decided to use a relative rather than absolute
repositioning as the non-linear parts of the curves appeared pro-
portional to the maximal strength of each curve, which was very
different between the groups. Eight samples per condition were
tested. The curves of each group shown in Fig. 3 were averaged.
For a given strain, the stress was calculated as the average of the
stress of the other samples at the same strain. The averaged curves
were also smoothened, the stress at a given strain was calculated
as the mean of the 25 points measured before and the 25 points
measured after it in the original curve.

2.8. Micro-computed tomography (CT)

The computed tomography analysis was performed using a vi-
vaCT40 instrument (Scanco Medical AG, Briittisellen, Switzerland),
set at 70 kV energy and 114 pA intensity. Two-dimensional CT im-
ages were reconstructed to form 2048 x 2048 pixels matrices from
1000 projections using a cone-beam convolution back projection
procedure. Images were saved in 3D-arrays using a 10 pm isotropic
voxel size and 10 pm slice increment. For analysis, an identical
cylindrical volume was defined for all samples. Grey-value im-
ages were segmented using the same threshold value for all sam-
ples to distinguish porosity from material. The structural indices of
the structures were computed and determined using the analysis
method described by Hildebrand [39]. The porosity of the samples
was calculated using the BV/TV (the % of material volume relative
to total volume) and corresponded to 1- BV/TV. The average ma-
terial thickness was calculated using Tb.Th* (trabecular thickness
or material thickness) and the average porosity size using Tb.Sp*
(trabecular separation). Three samples were analyzed per group,
and the values reported are the average values. The criteria used
to judge the quality of a construct were the presence or absence
of cracks, porosity within the filaments and broken parts.

2.9. Nitrogen sorption

N, adsorption-desorption analysis was performed on post-
processed samples using a Micromeritics ASAP 2020 (Instrument
Corp., Norcross, USA). Around 1 g of sample equivalent to 5-6 com-
bined cylindrical printed scaffolds was degassed under vacuum at
25¢°C for at least 24 h prior to analysis. The specific surface area
(SSA) and the desorption average pore width (4V/A by BET) values
were determined using the Brunauer-Emmett-Teller (BET) theory.

2.10. X-ray diffraction (XRD)

The crystalline phase composition analysis was conducted on
a D8 ADVANCE (Bruker AXS GmbH, Karlsruhe, Germany) with

325

Acta Biomaterialia 125 (2021) 322-332

Bragg-Brentano geometry equipped with a germanium monochro-
mator using a CuKa Ni-Filter. A scan range of 4-60 °26, a 0.25
sec time per step with a 0.0122 °2 6 step size was used. The
Rietveld Refinement method was performed for quantification of
crystalline phases contents and the hydroxyapatite crystallite size
average values following the Debye-Scherrer method using BGMN
4.2.22 software [40]. The following samples were analyzed: the
pristine ink and the coaxial printed structures with the different
conditions.

2.11. Scanning electron microscopy (SEM)

Scanning Electron microscope observations were conducted us-
ing a field emission Hitachi S-4700 II microscope (Hitachi Ltd,
Tokyo, Japan). The microscope parameters were adjusted for each
measurement, however a working distance in the range of [5.3 -
15.9 mm], an acceleration voltage in the range of [1 kV - 10 kV]
and an intensity in the range of [15.5 - 48 pA] were used. Before
observation, a 10 nm carbon layer was deposited on the samples
by using a Bal-Tec CEDO30 coater (Bal-Tec, Balzers, Liechtenstein).

2.12. Thermogravimetric analysis (TGA)

The instrument used for the thermogravimetric analysis was
a Thermogravimetric Analyzer TG 209 F1 (NETZSCH GmbH, Graz,
Austria). Measurements were performed between 30 and 550°C in
an oxygen (quality 2.5) saturated chamber with a heating rate of
10°C/min. The obtained weight loss curves were then used to de-
termine the amount of organic phase contained in the samples. It
was assumed that only traces of water were still present in the
scaffolds, and that the organic phase will be evaporated or de-
graded in the range of temperature used. Samples were prepared
by using the crushed samples remaining from the mechanical test-
ing after post-processing. A scalpel was used to isolate several
small fragments and the total mass was at least 100 mg for each
measurement. The samples were not further crushed into powder
with a mortar to minimize the mechanical separation of the or-
ganic and inorganic phases altering the measurement. Three post-
processed samples were tested by conditions. For the fresh ink
group, measurement was performed in quadruplicate on a fresh
unopened cartridge.

2.13. Statistical analyses

Statistical analyses were performed using GraphPad Prism ver-
sion 8.1.0 for Windows (GraphPad Software, La Jolla, Califor-
nia, USA). Normality of each separate set of data was tested.
In case of normality, such as for the Max Strength (N=8) and
Slope (N=8) values, an ANOVA test was applied. If statisti-
cal difference was found, a Tukey’s multiple comparison test
was applied (p < 0.05). For all the other data sets with non-
normal distribution, Thermogravimetric analysis (N=3), Contact
Angle (N=5), Post-printing stability (N=4), Slope measured af-
ter printing (N=5), Stress at 12% strain measured after printing
(N=5), Scaffolds weight after post-processing (N=7 for NS, N=8
for other groups), Strain at Max Stress (N=8), Scaffolds poros-
ity (N=3), Scaffolds trabecular size (N=3), Scaffolds porosity size
(N=3), Mandibular defect overhang (N>4) a Kruskal-Wallis test
was applied. If statistical difference was found, a non-parametrical
Dunn’s comparison test was applied and statistical significance
assessed at p<0.05. Two-tailed Pearson and Spearman correla-
tion tests were used to evaluate the correlation between the
maximum stress and density of the 6mm diameter*3mm height
scaffolds.
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(A) Printing Model

Number of layers before structure failure
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Fig. 1. (a) CAD design of the helicoidal model to assess printability of CaP cement. (b) number of layers before failure for structures-built NS, 50W, 75W and 100W in the
coaxial printing, with representative images of printed helicoidal structures just before collapse.

3. Results

3.1. Post-printing stability of self-setting CaP cement is improved by
coaxial extrusion with water-containing solvent

First, the ink surface tension and affinity of solvent to the ce-
ment surfaces as measured by contact angle shows a decrease in
contact angle values with decreasing water:ethanol volume ratio,
28° + 1°, and 24° + 5° and 16° + 3° respectively for 100W, 75W
and 50W (100W > 50W = p < 0.05).

Then, the number of layers of the helicoidal structure printed
before failure for all tested groups as well as representative im-
ages of printed helices are reported in Fig. 1. For one sample of
the 75W group, the structure did not fall after reaching the max-
imum of 127 layers in the G-code file. Hence, we decided to ex-
clude the highest layer number for each group to ensure an equal
number of 4 samples per condition. The highest number of layers
before collapse of the structure is achieved for the coaxial extru-
sion with 75W, followed by 100W, 50W and finally NS (75W >
NS = p < 0.05). Interestingly, the standard deviation is the highest
for the 100W group, followed by 75W, then 50W and NS group for
which the number of layers before failure is very consistent and
the standard deviation low. More sagging is observed for the NS
group and the 50W group compared to the 75W and 100W groups.
The groups also show differences in their structure failure mecha-
nism. Indeed, for the NS and 50W groups an overall bending of the
structure is observed when it fails. For the 75W and 100W groups,
the bending is often concentrated on a few layers, creating visible
separations between filaments indicating a failure at their junction.
In the 100W condition, the filaments are slightly dragged up when
the printer head finishes printing a filament and goes up for the
following layer, showing that the adhesion between filaments is
lower than in the other groups. Compared to the NS group, coaxial
printing with solvents allows creation of structures with a higher
number of printed layers, with a 1.3-, 2.5- and 2.1-folds increase of
layers for the 50W, 75W and 100W groups, respectively.

3.2. Coaxial extrusion of self-setting cement with water containing
solvent induces rapid setting of the cement and improves mechanical
stability of printed structures prior to post-processing

In a following experiment, cylindrical microporous scaffolds
were printed, and their compressive properties tested 10 minutes
after the end of the printing process (Fig. 2). The stiffness was cal-
culated based on the linear part of the strain-stress curves, which
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Fig. 2. Representative images of the samples before mechanical testing and aver-
aged (N= 5 Samples/group) stress | strain compression curves of coaxial 3D Printed
self-setting CaP cement scaffolds before post-processing (NS, 50W, 75W and 100W).

was defined as the points between 2 and 6% of strain for each sam-
ple. The NS group shows very low stiffness, with a slope value of
6.4 + 0.6 kPa (100W and 75W > NS = p < 0.05), suggesting an
almost pure viscous behavior with no significant cement setting
during the printing and the time of the test. The 50W group has
a slope value of 90 &+ 10 kPa (100W > 50W = p < 0.05), which
then increases after 20% strain. The 75W group shows significantly
higher stiffness, mostly linear from 0 to 20% strain with a slope
value of 1.3 £ 0.5 MPa (75W > NS = p < 0.05), followed by an
exponential increase in stress from 20 to 40% strain. Both the 50W
and 75W groups show a low initial stiffness, followed by a grad-
ual shift from a linear to an exponential increase of stress in re-
sponse to strain, suggesting compaction rather than a ductile be-
havior. The 100W condition shows first the highest stiffness of the
tested groups, with a slope value of 7.5 + 0.9 MPa (100W > NS and
50W = p < 0.05), reaching a maximum around 12% strain. Then,
it is followed by a slight decrease in stress until 21% strain, and an
increase with an exponential tendency from 21 to 40% strain. It is
the only group showing a ductile behavior, which is then followed
by compaction. As a maximal strength measurement was not pos-
sible for all the groups, the stress at 12% strain - where the 100W
condition reaches a maximum - was instead measured for every
curve. Indeed, the nature of the solvent used has a large impact
on the stress measured at 12% strain. The average value measured



R. Bagnol, C. Sprecher, M. Peroglio et al.

12

10

Stress (MPa)
[}

10

20 30

Strain (%)
NS =---50W ----- 75W —100W

Fig. 3. Average compression curves of coaxial 3D printed CaP scaffolds after post-
processing (NS, 50W, 75W and 100W).

is 0.9 + 0.1 kPa for the NS group (NS < 75W and 100W = p <
0.05), 12 + 3 kPa for the 50W group (50W < 100W = p <0.05),
150 + 40 kPa for the 75W group (NS < 75W = p < 0.05) and 600
=+ 100 kPa for the 100W group (NS and 50W < 100W = p < 0.05).
In comparison to the NS group, a 13-, 170- and 700-fold increase
respectively for the 50W, 75W and 100W conditions are measured.

3.3. Coaxial extrusion of self-setting cement with water containing
solvent improves mechanical properties of printed structures
post-processing

The averaged compression curves of the printed scaffolds af-
ter post-processing (sterilization) are reported in Fig. 3. For the 3
groups using coaxial liquid, a clear maximum stress is visible on
all curves. The maximum stress and corresponding strain are cal-
culated from the raw data, using a mathematical function to find
the point with the highest stress in an interval of points around
the maximum. For these 3 groups, an increase of the stress value
is observed with the strain in a quasi-linear way until a maximum
is reached between 5-8% strains. Then, the stress decreases as the
strain increases until a plateau is reached at around 15-20% strain.
A further increase of stress is observed at higher strain, above 30%,
attributed to compaction of the CaP cement. For the group NS, the
maximum stress is not clearly visible, and a transition from a lin-
ear increase of the stress to a less steep linear increase is usually
seen. In these cases, the end of the transition between the two
slopes is manually chosen, then the same mathematical function
mentioned before is used to find the maximum stress and cor-
responding strain between the start of the assay and the point
picked manually. For the NS group, a quasi-linear increase of the
stress is observed with a steeper increase up to 6% strain, followed
by slower increase up to 40% strain.

The values of the maximal compression strength, the corre-
sponding strain, the slope in the linear part of the curve and the
weight of the scaffolds are reported in Table 1. The use of sol-
vents in the coaxial extrusion process influences the maximal com-
pression strength of the post-processed CaP scaffolds. The maxi-
mal compression strength value of the 100W group is significantly
higher than the 75W, 50W and NS group. Compared to the NS
group, the maximal strength is approximately 2.2, 4.6 and 5.2 folds
higher respectively for the 50W, 75W and 100W groups. All scaf-
folds have similar strain at the maximal strength; however, it is
slightly lower for 75W. The slopes were calculated using the points
between 20% and 80% of the maximum stress as it appeared to be
the range with the most linear increase. The values of the slope
are the highest for the 75W group, closely followed by the 100W
group, then significantly lower for 50W and NS. The weights of the
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scaffolds are not significantly different between the 50W, 75W and
100W, and slightly, but significantly higher than for the NS group.

3.4. The structural integrity and shape fidelity of the CaP scaffolds
post-processing depends on the use of water containing solvent

The coaxial 3D printed CaP scaffolds after post-processing were
imaged using CT analysis to characterize their internal macrostruc-
ture and the presence of defects, and cracks (Fig. 4 and Table 2).

The scaffolds from the 100W condition show the least struc-
tural defects and the best overall structure conservation, without
cracks or significant intra-filament porosity or broken parts. The
scaffolds from the 75W present some small cracks on the edges,
but no significant intra-filament porosity or broken parts. The scaf-
folds in the 50W group have more defects, with cracks and intra-
filament porosity throughout the scaffolds. The scaffolds of the
group NS present the worst structure integrity, with large cracks
and intra-filament porosity as well as large broken sections (8/16
printed structures). Side views and information about scaffolds di-
mensions are given in Supplementary Figure S3. Table 2 summa-
rizes several macrostructural characteristics of the printed scaffolds
after post-processing analyzed by pCT.

The overall macroporosity value is the highest for the NS scaf-
fold, followed by 100W, 50W and 75W scaffolds. The trabecular
size average values are not significantly different for the 3 scaf-
fold groups using coaxial solvent, but higher than the value for
the NS scaffolds. The pores size average value measured by CT is
the highest for the NS scaffolds, followed by 100W, 50W and 75W.
SEM observations of the different scaffolds’ non-fractured surfaces
present a similar granular aspect, even at higher magnification,
with needle-like structure rarely observed (Supplementary Figure
S2). Fractured surfaces from all groups are similar with no obvious
differences in surface aspect or size of crystals (Supplementary Fig-
ure S2).

The influence of the coaxial micro-extrusion-based 3D printing
on the structural reproducibility of a theoretical design was further
assessed using a mandibular defect model (Figs. 5 and 6).

The NS experimental overhang shows a deviation of 10° from
the theoretical angle while the SS group presents a minimal devia-
tion as expected. The 100W angle difference value is 16°, while the
75W and 50W angle difference are not significantly different from
SS group value.

The NS group porosity value of 40% deviates by 20% from the
theoretical porosity. The 100W and 75W groups have an experi-
mental porosity around 45%, while the 50W group porosity value
is the closest to the planned design.

3.5. The coaxial 3D printing of the self-setting CaP cement with
water containing solvent does not impact significantly the
microstructure, crystalline composition and crystalline phases after
post-processing

Nitrogen sorption analysis was performed to further assess the
surface nano- and meso-porosity of the post-processed scaffolds
(Table 3 and Fig. 7).

The calculated SSA and the desorption average pore width val-
ues are almost identical for all samples with a trend toward an in-
crease of surface area with increased water amount in the coaxial
printing process (Table 3).

The adsorption desorption isotherm profiles are identical for all
samples (Fig. 7). They can be described as type III isotherm, and
they display a H3 hysteresis loop according to the IUPAC classifica-
tion [41]. Similar isotherms have been reported for CPC surfaces
with aggregated plate-like particles containing slit-shaped pores,
albeit with higher SSA [42,43].
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List of average and standard deviation values of the maximum strength (measured by stress), strain
at maximum strength, slope and weight of coaxial 3D printed CaP scaffolds after post-processing

(NS, 50W, 75W and 100W).

Group NS 50W 75W 100W
Maximum 2+03 45+ 04 93+ 09 10.5 + 0.8
Strength (MPa) (%, ) (v HH#H#) (% 3 3##) (% #H4 #4H#)
Strain at 7+1 7+2 6+1 7+1
Maximum

Stress (%)

Slope in linear 31+ 7 100 + 20 230 £+ 20 220 £+ 30
regime (MPa) (% ,xrxx) (*+* ) (**,#) (*##4#)
Weight (g) 0.176 + 0.007 0.180 + 0.01 0.189 + 0.008 0.183 + 0.007

P<0.05 *NS vs 100W, **NS vs 75W, ***NS vs 50W, #50W vs 75W, ##75W vs 100W, ###100W vs

50W

Fig. 4. Representative internal section X-ray images of the coaxial 3D printed scaffolds (NS, 50W, 75W, 100W) after post-processing.

Table 2

List of average and standard deviation values of the porosity, the trabecular size and the pores size
of the coaxial 3D printed scaffolds (NS, 50W, 75W and 100W) after post-processing.

Composition NS 50w 75W 00w
Porosity (%) 18+3 10+ 4 8+3 13+5
Trabecular Size 0.46 + 0.01 0.57 + 0.06 0.58 + 0.04 0.58 + 0.04
(mm)
Pores Size 0.23 £+ 0.03 0.18 + 0.4 0.15 + 0.05 0.21 + 0.04
(mm)
P<0.05 *NS vs 100W, **NS vs 75W, ***NS vs 50W, #50W vs 75W, ##75W vs 100W, ###100W vs
50W.
Table 3

List of specific surface area (SSA) and desorption average pore width values of the coaxial 3D
printed scaffolds (NS, 50W, 75W and 100W) after post-processing.

Composition NS 50w 75W 00w
SSA (m?/g) 1.06 1.30 1.82 1.80
Desorption 10.5 8.6 9.4 12.6
average pore

width (nm)

The crystalline composition and crystalline phases analyzed by
XRD following post-processing are reported in Fig. 8, together with
the self-setting CaP cement prior to processing as reference sam-
ple.

As expected, a change of the crystalline phase composition of
the self-setting CaP cement after the post-processing is observed.
The CPC ink contains 54.3% of «-TCP, 27.1% of monetite, 9.8% of
calcite, 7.5% of hydroxyapatite and 1.3% of 8-TCP in mole. After the
post-processing, a large increase in the hydroxyapatite or CDHA
content, between 36.7% and 42.6% is observed for the different
groups. A concomitant decrease of «-TCP content, between 36.4%
and 40.1%, monetite content, between 13.8 and 15.1%, and cal-
cite content, between 4% and 4.7%, are measured independently
of the conditions used. Furthermore, the calculated hydroxyapatite
crystallite average size values are not significantly different be-
tween printed groups for both the 001 plane, with a crystallite
size of around 40 nm, and the 100 plane, with a crystallite size
of around 15 nm. For the fresh CPC ink containing hydroxyap-
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atite particles, the hydroxyapatite crystallite size values measured
are slightly higher than the post-processed groups, 57.0 and 17.5
nm for the 001 and 100 planes respectively. It can be safely hy-
pothesized that the measured mean crystallites size after printing
reflects the re-precipitation of new and more numerous smaller
hydroxyapatite crystallites during the CPC setting post-processing,
leading to a mean reduction of the crystallites size. The lack of
difference between post-processed groups indicates that the coax-
ial printing process does not influence significantly the crystallites
growth.

3.6. The inorganic and organic contents in the post-processed
scaffolds are independent of the manufacturing process

The Fig. 9 shows the averaged curves of the mass loss analyzed
by thermogravimetric analysis for the different groups.

The 4 groups have a very similar mass loss curve. First, there
is a slow loss of mass from 30 to 230°C, where approximately 2%
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Fig. 5. Plot of the angle difference (Experimental overhang value -72°) for the 3D
printed mandibular defect scaffold groups (Insert: theoretical mandibular defect re-
construction and representative images of a 3D printed sample with support struc-
tures before and after removal).
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Fig. 6. Plot of the 3D printed mandibular defect scaffold groups porosity measured
by pCT (dotted line = theoretical porosity).

of the total sample mass is lost with no significant differences be-
tween samples indicating that the co-extrusion with solvents does
not influence absorption of weak bond water molecules on post-
processed samples. Between 230 and 330°C, the mass loss acceler-
ates with a loss attaining between 13% and 15% of the total mass
at 330°C depending on the groups. The slight variation of profiles
may be indicative of how the residual organic components in the
ink are evaporating and degrading in relation to the organic phase
and structure cohesion. Between 330 and 530°C, further mass loss

100+
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104
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(molar percentage)
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Fig. 7. Nitrogen adsorption-desorption isotherms of coaxial 3D printed scaffolds af-
ter post-processing (NS, 50W, 75W and 100W).

is approximately 2%. At the end of the analysis, the average total
mass loss values are very similar, 16, 16, 15 and 17% respectively
for NS, 50W, 75W and 100W.

4. Discussion

The self-setting CPC ink used in this work was previously de-
scribed [5]. The organic phase in which the reactive «-TCP is dis-
persed, allows for long-term storage, ease of usage for print (no
printing time window) and high reaction homogeneity upon ex-
posure to water, causing dissolution of the «-TCP particles by hy-
drolysis and their reprecipitation as CDHA [19]. Ahlfeld et al. suc-
cessfully reconstructed and printed a scaphoid bone model by
combining the ink used in this study with a plasma-alginate-
methylcellulose and also created complex structures using a sac-
rificial soluble methylcellulose support ink [39,44]. Removal and
washing out of the sacrificial ink supporting overhanging and cre-

(A)

o-TCP
Hydroxyapatite

Monetite
Calcite
R-TCP

Ink NS 50W

Before printing and
post-processing

After printing
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1
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!
!
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!
304 !
'
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'
T
!
|
1
1
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Crystallite Size [ nm ]
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Before printing and
post-processing

After printing

75W 100W

and post-processing

(B)

== HA (001)
== HA (100)
75W 100W

and post-processing

Fig. 8. Plots of (A) the molar % of the crystalline phases measured by molar percentage and (B) the hydroxyapatite crystallite size for the planes (001) and (100) as a function
of the coaxial 3D printed scaffolds groups (NS, 50W, 75W, 100W) after post-processing and the self-setting CaP cement before printing and post-processing.
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Fig. 9. Plot of the average mass loss of the coaxial 3D printed scaffolds groups (NS, 50W, 75W and 100W) after post-processing as a function of the temperature.

ating hollow structures was required. In another study, this ink was
used to create 3D printed CaP scaffolds, which supported bone for-
mation in a rat segmental bone defect [36]. However, a sacrificial
structure was also necessary to support overhanging structures.

In order to control the setting reaction of the cement upon ex-
trusion of the ink filament, water and water:ethanol solutions were
assessed as reactive coaxial extruded solvents. Contact angle mea-
surements suggested the higher miscibility of water:ethanol with
the organic phase in comparison to water alone. It was hypothe-
sized that the water will trigger the hydrolysis starting from the
CPC filament surface due to the hydrophobic oil content, while the
water:ethanol mixtures will have better co-solubilization and en-
hance the water penetration inside the struts and induce a faster
setting.

Coaxial printing with aqueous solvents resulted in an increased
post-printing stability which is beneficial to produce personalized
implants without needing support structures.

The results from the helicoidal and the mandibular models fur-
ther demonstrate the interest of coaxial printing for production of
complex structures. As expected, the NS group shows a significant
angle difference and low preservation of the theoretical porosity;
while the SS group low angle difference matched the CAD de-
sign. The 100W large angle difference and reduced porosity are
attributed to the decrease in filament adhesion and structural sta-
bility as observed for the helicoidal experiment. The use of ethanol
and water mixture in the coaxial groups, 75W and 50W, improved
the design fidelity with a best result for the 50W for the model
and conditions tested. A balance between filament pre-hardening
and filament adhesion mediated by the solvents is critical for
best shape fidelity prior and post-processing. When assessing the
printability and stability of the self-setting CaP cement extruded
through a coaxial cartridge with aqueous solvents into a helicoidal
structure, higher structural stability was achieved upon printing
with 100W and 75W. This was correlated with increased mechani-
cal properties shortly after printing for all the groups using a coax-
ial liquid, with the 100W group, followed by the 75W achieving
the highest increase of mechanical properties. These findings cor-
relate well with observations of Heinemann et al. [5] reporting ini-
tial and final setting times of 2.5 and 16 min for a similar formu-
lation, suggesting that the rapid setting and yield stress increase
of the cement induced upon extrusion from the coaxial head is
the main mechanism for improving the printability and shape re-
tention of the structure. Another possible mechanism could be a
change in capillary forces inside the filaments induced by the wet-
ting upon coaxial extrusion leading to the increase of viscosity of
particles suspensions as reported by Koos et al. [45]. A suspension
containing particles and a primary carrier liquid can experience a
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large increase in viscosity via the addition of a small amount of a
secondary immiscible liquid. This effect was observed with a sus-
pension of calcium carbonate in diisononyl phthalate with as little
as 0.2% addition of water. Given the low miscibility of the com-
ponents of the organic phase in water for the CaP cement used,
this phenomenon could take place. However, the presence of sur-
factants in the carrier liquid of the used ink formulation would
weaken this effect [46]. Hence, capillary forces are unlikely to play
a major role.

Overall, a positive influence of coaxial extrusion with an aque-
ous solvent on the self-setting CPC ink printability was observed.
However, wetting of the filaments with water decreased the ad-
hesion between the filaments shortly after printing, leading to
struts slippage, especially when printing overhang structures with
incomplete overlay of the printed struts. This is likely responsi-
ble for the increasing standard deviation observed when printing
overhang structures with solvents with increasing water fraction
(Fig. 1). On the other hand, a too high ethanol content reduced
the setting speed during the printing process. An optimal print-
ability in term of structural and mechanical stability was found
for the 75W condition. Both printing of the mandibular defect and
the helicoidal structure suggest the need of a balance between fila-
ment hardening and filament adhesion, and that this balance could
vary depending on the structure printed. The sacrificial support ink
method proposed by Ahlfed et al. is likely less prone to the cre-
ation of structural defects during printing, but requires additional
printing and support ink removal times [44].

Steam autoclave post-processing is potentially compatible with
clinical needs. In our case, the use of an autoclave cycle as
post-processing has the advantage of offering simultaneously a
fast setting method and sterilization for coaxially printed sam-
ples suggesting the possibility to delocalize manufacturing in non-
specialized locations like in the hospital.

Coaxial micro-extrusion with solvents increased the structural
integrity and final mechanical properties of the printed CaP scaf-
folds. After post-processing, only 50% of the NS samples conserved
their shape and were therefore mechanically tested. For the other
groups, the visual observation of cracks and the percentage of de-
fect samples decreased with the increase of water volume frac-
tion in the solvent. The initial setting and associated mechanical
stability of the structures when printed with aqueous liquids is a
likely reason for the damage reduction caused by the rapid temper-
ature ramps and steam flow during the sterilization cycle. A rele-
vant comparison can be made with the study from Richter et al,
using a CPC ink with a very close composition in which printed
structure are post-processed in a 37°C water saturated atmosphere
for 3 days, followed by 7 days setting in deionized water [37].
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While the geometry and printing conditions used differ slightly,
similar scaffolds compressive strengths were obtained while using
a post-processing of one hour instead of 10 days. It is known that
the cements should not be deformed between the initial and fi-
nal setting times to avoid the apparition of cracks [47], reported
for example in this study [31], and therefore a more complete set-
ting should improve structural integrity . It may be also possible
that structure deformation could have been triggered by an in-
crease in the volume of the remaining organic phase coupled with
a decrease in viscosity as temperature rises during post-processing
resulting in apparition of cracks. Noureddini et al. reported the
change in density [48] and viscosity [49] of various fatty acids
with temperature. They found that both decreased as temperature
increased. For the capric acid fatty acid used in these studies, at
37.8°C its viscosity is 6.33 mPa.s~! and its density 0.8863, while
at 110°C they respectively lowered to 1.60 mPa.s~! and 0.8332. In-
terestingly, the remaining amount of organic phase and the crys-
talline phase transformation as assessed by TGA and XRD were
very similar through-out the groups tested after post-processing.
Thus, the pre-setting induced by the coaxial printing with water
containing solvents may limit the potential impact of the volu-
metric change of the organic phase. In another study, a CaP ce-
ment combined with an alginate/methylcellulose bioink to create
biphasic scaffolds, exposed to humidity at 37°C, followed by 10
min bath in a CaCl, solution and a 3 days incubation in culture
medium has been reported to have increased mechanical proper-
ties and reduced crack formation [38]. This confirms again that
adequate pre-setting is beneficial to preserve structural integrity
and final mechanical properties. Conversely, there was no obvi-
ous relationship between the water volume fraction in the coax-
ial liquid used and the samples structural characteristics assessed
by CT. The measured average trabecular size or wall thickness was
the only structural parameter with significant variations between
printed groups with solvents, versus NS. Thus, no obvious corre-
lation exists between organic phase content and mechanical prop-
erties. The fast hydrothermal-vapor hardening process used in this
study is harsher than the one reported by Raymond et al., higher
temperature and pressure [16]. Interestingly, a similar retention of
the organic binder is observed in the hydrothermal-vapor, with
similar granular surface aspect and SSA value of 2.3 m2.g~! [16].
It is known that macro and micro-porosity have a negative effect
on CaP scaffolds strength [50]. The densities of the mechanically
tested scaffolds were calculated and associated to their maximal
compressive strength and a mild correlation between the two fac-
tors was established both through a Pearson test (R=0.5810, 95%
confidence interval [0.3165;0.7616]) and Spearman test (R=0.5198,
95% confidence interval [0.2261;0.7269]). The small increase of N,
sorption SSA values with the water volume fraction indicated an
increase in nanoporosity. However, these small variations cannot
explain the large differences observed in mechanical properties.
Therefore, the reduction of structural defects created during the
post-processing, such as large pores and cracks, is the probable
reason for the observed improved mechanical properties [51].
Several limitations can be attributed to this study. 3D printed
implants produced with the same CPC used in this study have been
assessed in preclinical studies [3,52-54], however the influence of
the micro-extrusion and the hardening protocols on the CPC struc-
ture degradation has not been reported. A following study is there-
fore required to assess in vitro acellular and cellular resorption be-
havior to infer implant ageing in vivo [55]. Despite steam autoclave
being a faster process, a limitation compared to ambient tempera-
ture setting is its inability to be used for scaffolds containing heat
sensitive biological agents such as cells, growth factors or proteins
as they would be destroyed or denatured. Finally, this study was
conducted on a commercial CPC ink. However, the co-axial micro-
extrusion-based 3D printing and fast hardening optimization of the
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CPC ink used in this study can be applied to others non-aqueous or
aqueous-based CPC inks to improve shape fidelity and resistance
to harsh post-processing by similarly modulating the dissolution-
precipitation reaction [56]. For example, a following proof of con-
cept could consist in co-extrusion of an aqueous CPC formulation
with a disodium phosphate containing solution.

5. Conclusion

Printing and post-printing shape stability is of paramount im-
portance for the development of geometrically complex and porous
personalized implants. In this work, we investigated the coaxial
micro-extrusion of a self-setting calcium phosphate cement with
water:ethanol mixtures to increase the post-printing stability of
complex structures, reducing the need of support structures and
reducing cost and time of production. Additionally, the initiation
of cement setting with water upon coaxial micro-extrusion, rather
than with in the ink or post printing, positively impacted the abil-
ity to produce 3D printed structures with higher height than nor-
mal micro-extrusion. The produced structures could withstand a
relatively harsh and fast hardening process based on a standard
steam sterilization protocol, achieving conservation of its architec-
tural integrity and improved mechanical properties. The reported
coaxial micro-extrusion of CPC ink with water-based solvents re-
moves some of the barriers toward in-hospital fast manufacturing
production 3D printed personalized CaP bone substitutes.
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